Eukaryotic elongation factor 2 (eEF-2) is an important regulator of the protein translation machinery wherein it controls the movement of the ribosome along the mRNA. The activity of eEF-2 is regulated by changes in cellular energy status and nutrient availability, and posttranslational modifications such as phosphorylation and mono-ADP-ribosylation. However, the mechanisms regulating protein translation under conditions of cellular stress in neurons are unknown. Here we show that when rat hippocampal neurons experience oxidative stress (lipid peroxidation induced by exposure to cumene hydroperoxide; CH), eEF-2 is hyperphosphorylated and ribosylated resulting in reduced translational activity. The degradation of eEF-2 requires calpain proteolytic activity and is accompanied by accumulation of eEF-2 in the nuclear compartment. The subcellular localization of both native and phosphorylated forms of eEF-2 is influenced by CRM1 and 14.3.3, respectively. In hippocampal neurons p53 interacts with nonphosphorylated (active) eEF-2, but not with its phosphorylated form. The p53 -eEF-2 complexes are present in cytoplasm and nucleus, and their abundance increases when neurons experience oxidative stress. The nuclear localization of active eEF-2 depends upon its interaction with p53, as cells lacking p53 contain less active eEF-2 in the nuclear compartment. Overexpression of eEF-2 in hippocampal neurons results in increased nuclear levels of eEF-2, and decreased cell death following exposure to CH. Our results reveal novel molecular mechanisms controlling the
INTRODUCTION
Proteins determine the structural and functional phenotypes of cells by regulating intrinsic metabolic and homeostatic processes, and the responses of cells to environmental signals. Rates of protein synthesis are influenced by a variety of factors including nutrient availability, energy metabolism, growth factors, aging and disease states [1] [2] [3] . When the organism and its cells are under energetic and oxidative stress, protein translation is limited to proteins critical for the survival and specific functions of the cells including an array of adaptive stress response proteins [4] . Neurons are particularly vulnerable to oxidative stress and associated membrane lipid peroxidation which can destabilize cellular calcium homeostasis and trigger apoptosis [5] [6] [7] , a form of programmed cell death mediated, in part, by p53 [8] . Unmitigated lipid peroxidation contributes to the dysfunction and degeneration of neurons in both acute CNS injuries and neurodegenerative disorders including Alzheimer's and Parkinson's diseases [9] . Protein synthesis is a complex process that determines both qualitative and quantitative features of the proteome [1, 10] . If a particular protein is no longer required, inhibition of the initiation step of translation occurs; however, specific control of the elongation phase to rapidly alter production of particular proteins occurs under conditions such as heat shock, and stimulation by hormones and growth factors [11] [12] [13] [14] [15] [16] . In addition, some diseases are caused by abnormalities in elongation factors [17] .
Elongation factor-2 (eEF-2) is a fundamental regulatory protein of the translational elongation step [12] that catalyzes the movement of the ribosome along the mRNA. eEF-2 is regulated by several mechanisms including phosphorylation [12] , mono-ADP-ribosylation [18, 19] , and protein-protein interactions [20, 21] . A role for eEF-2 in cellular stress responses is highlighted by the fact that eEF-2 is sensitive to oxidative stress [22, 23] and that it must be active, at least transiently, in order to drive the synthesis of proteins that help cells mitigate the adverse effects of oxidative stress, or activate apoptosis if the extent of damage overwhelms repair capacity.
Here we elucidate roles for eEF-2 in cellular responses of neurons elicited by oxidative stress. We found that when exposed to low doses of cumene hydroperoxide (CH), a compound which induces membrane lipid peroxidation, eEF-2 undergoes calpain-mediated degradation, phosphorylation and ADP-ribosylation, and interaction with p53. The subcellular localization of eEF-2 is regulated by at least three proteins, 14-3-3, CRM1 and p53. Interaction of eEF-2 with p53 in the nucleus may facilitate neuronal recovery from subapoptotic levels of oxidative stress.
MATERIALS AND METHODS

Cell cultures
Cultures of hippocampal neurons were prepared from embryonic day 18 rat brains, as described previously [24] . Dissociated neurons were plated at a density of 5 ×10 5 cells/cm 2 on dishes coated with polyethyleneimine. Neurons were grown in Neurobasal medium supplemented with B27 (Invitrogen, Carlsbad, CA). All experimental treatments were performed on 7-day-old cultures. HCT116 human colon carcinoma cells, and p53-null derivatives thereof, were supplied by Dr. B. Vogelstein [25] and were grown in McCoy's medium with 10% fetal bovine serum at 37°C in a 5% CO 2 atmosphere. Hippocampal neurons were pre-treated with or without 50 μM MDL28170 (Calbiochem, San Diego, CA) for 45 min or 50 μM E-64d (Calbiochem) for 3 h, followed by exposure to 0, 10 or 15 μM CH (Sigma, Aldrich, St. Louis, MO) for 3 h.
Cell viability
Cell viability was determined using a MTS assay (Promega, Madison, WI) and a LDH activity assay (Roche Cytotoxicity detection kit, Mannheim, Germany) according to the manufacturer's instructions.
Determination of hydroperoxides using the FOX reagent
The protocol for lipid peroxidation measurements [26] was adapted for a microplate reader. Forty micrograms of proteins were incubated with 90 μl of H 2 SO 4 for 30 min. Following addition of 100 μl FOX reagent (0.5 mM ferrous ammonium sulfate, 0.2 mM xylenol orange and 200 mM sorbitol in 25 mM H 2 SO 4 ) the mixture was incubated at room temperature for 45 min, protected from light. The formation of ferric ions was detected by measuring the resulting colored complex with xylenol orange at 540 nm.
Immunoblot and immunoprecipitation analysis
Hippocampal neurons and cell lines were lysed in RIPA buffer (20 mM Tris-HCl, 150mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate and 1 mM sodium orthovanadate) containing protease inhibitors. The homogenized cells were centrifuged at 12,000×g for 20 min at 4 °C. Protein content of the samples was estimated with Pierce BCA Protein Assay Kit (Pierce Biotechnology, Rockfold, IL). Protein samples were separated by SDS-PAGE (10% acrylamide), and transferred to a nitrocellulose membrane (BioRad, Hercules, CA) at 120 V for 1 h. The membranes were incubated with blocking buffer (5% dry milk in 20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.05% Tween 20) for 1 h at room temperature. Membranes were then incubated in blocking solution containing the following antibodies: eEF-2 (1:5000), phospho-eEF-2 (1: 1000) (Cell Signaling, Danvers, MA); β-actin (1:5000; Sigma); p53 (1:500), pan-14.3.3 (1:1000), hnRNP (1:2000) and α-tubulin (1:1000) (Santa Cruz Biotechnology, Santa Cruz, CA), overnight at 4°C. After incubation, the membranes were washed in 20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.05% Tween 20 and incubated with peroxidase-conjugated anti-immunoglobulin secondary antibodies. The proteins were visualized using a chemiluminiscence kit from Pierce (Rockford, IL). The bands were analyzed by densitometry using the ImageJ analysis software (NIH).
Immunoprecipitation of proteins was performed on a rotator overnight at 4 °C using 800 μg cell lysate and either 4.0 μg of anti-p53, anti-eEF-2, or appropriate IgG as control, and the Catch and Release Reversible Immunoprecipitation system (Upstate Biotechnology, Billerica, MA) according to the manufacturer's protocol. The proteins were eluted in 70 μl of elution buffer, and 20 μl were subjected to SDS-PAGE and immunoblot analysis.
ADP-ribosylation assay
The assay was performed as described previously [27] . Briefly, 50 μg of cell lysates were incubated in ADP-ribosylation buffer (20 mM Tris-HCl, 1 mM EDTA, 50 mM DTT; pH 7.4) with 500 ng of FP59 and 5 μM 6-Biotin-17-NAD (Trevigen, Gaithersburg, MD) for 30 min at 37°C. Samples were separated by SDS-PAGE followed by immunoblotting. The biotin-ADP-ribose-eEF-2 complexes were detected using streptavidin-IR conjugate antibody (Rockland Immunochemicals, Gilbertsville, PA) and a Typhoon 9400 scanner (GE Healthcare, Pittsburgh, PA).
Subcellular fractionation
Hippocampal neurons were subfractionated as described previously [28] . Briefly, neurons were centrifuged at 20,000 × g for 20 s at 4°C and resuspended in buffer A (10 mM HEPES, 2 mM MgCl 2 , 15 mM KCl, 0.1 mM EDTA, 0.1% NP-40, 1 mM DTT; pH 7.6) containing protease inhibitors and incubated 7 min on ice. HCT116 human colon carcinoma cells were subfractionated as described previously [29] . Cells were incubated on ice for 10 min in 800 μl of lysis buffer containing 20 mM Tris (pH 7.5), 100 mM KCl, 5 mM MgCl 2 , 0.3% IGEPAL CA-630 and protease inhibitors. Cells were centrifuged at 1,000 × g for 10 min to separate the cytoplasmic fraction of the cell extract. The nuclei were lysed by incubation on ice for 45 min with RIPA buffer containing protease inhibitors. The lysate was then centrifuged at 20,000 × g for 20 min. The resulting supernatant was used as the nuclear fraction of the cell extract. The subcellular fractions were separated by SDS-PAGE and analyzed by immunoblots using antibodies against cytoplasmic and nuclear marker proteins.
Nascent protein synthesis assay
HCT116 cells were plated on 6-well plates, pretreated with CH, washed with warm PBS, and supplemented with methionine-free D-MEM (Invitrogen, Grand Island, NY) medium for 35 min to deplete methionine reserves, after which 50 μM L-azidohomoalanine (AHA) (Invitrogen) was added for 30 min. The cells were lysed and proteins were extracted by ultrasonication in RIPA buffer containing protease inhibitors. AHA-incorporating proteins were labeled with tetramethylrhodamine (TAMRA) using Click-iT Protein Reaction Buffer Kit (Invitrogen). The TAMRA-labeled proteins in the gel were assayed using a Typhoon 9400 scanner (GE Healthcare).
Immunofluorescence
For immunostaining, hippocampal neurons were plated at a density of 5 × 10 4 cells/cm 2 on 18-mm diameter round glass coverslips in 12-well plates. After experimental treatment periods the cells were fixed with either methanol: acetone (1:1) and were then permeabilized in 0.5% Triton X-100 for 10 min, rinsed with PBS, and incubated for 1 h with 10% donkey serum. The cells were incubated with the primary antibodies/antiserum overnight at 4°C in the blocking solution. The immunocomplexes were detected using Alexa Fluor 488 (green)-conjugated or Alexa Fluor 546 (red)-conjugated secondary antibodies (1:1000; 1 h incubation at room temperature). Nuclei were counterstained with 4′, 6′-diamidino-2-phenylindole (DAPI; Vector Laboratories Inc., Burlingame, CA). Image analysis was performed using a Zeiss 510 confocal laser scanning microscope.
In vitro phosphatase assay
Hippocampal neurons or cells lines were fractionated (cytoplasm and nucleus) in phosphatase buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 2 mM MgCl 2 , 1% NP-40 and protease inhibitor cocktail) in the absence of phosphatase inhibitors. Lysates were incubated with either buffer alone, 0.3 U/ml protein phosphatase 2A (PP2A) (Millipore) or 0.3 U/ml PP2A plus 50 nM okadaic acid (OA) (Calbiochem), for 25 min at 30°C.
Cell transfection and neuronal infection
Cells were transfected with 10 μg of p53-Flag or vector control using Fugene 6 (Promega Corporation, Madison, WI) according to the manufacturer's instructions. Cells were collected for immunoblot analysis 24 h post transfection. Lentiviruses were produced using either eEF-2 over-expression plasmid (Applied Biomaterials Inc., Richmond BC, Canada) or control plasmid and a calcium phosphate protocol [30] . Briefly, 293T cells were transfected the morning following plating by incubating in 1 ml of calcium phosphate precipitate containing 20 μg of the transfer vector, 15 μg of the packaging plasmid and 5 μg of the envelope plasmid. The medium was replaced 24 h post-transfection, and three days later it was harvested, centrifuged and filtered through a 0.45 μm mesh. Lentiviruses were concentrated by centrifugation in a 20% sucrose cushion at 19,000 rpm for 2 h (4°C) in a swinging bucket rotor (Beckman SW28). The pellet was suspended in PBS, aliquoted and frozen at −80°C until use. Hippocampal neurons were plated at a density of 5×10 5 cells/cm 2 on dishes coated with polyethyleneimine. On day 6, the neurons were infected for 72 h.
Statistical analysis
Data are shown as the mean ± SEM. Graph plotting and statistical analysis used Graph Pad Prism Version 5.03 (Graph Pad Software). Statistical evaluation was performed by one-way ANOVA, followed by Tukey's test or by two-way ANOVA. A p-value of ≤ 0.05 was considered to be significant.
RESULTS
Effects of CH on lipid peroxidation and cell viability
Hippocampal neurons were treated for 3 h with increasing concentrations of CH (1, 5, 10, 15 and 20 μM). CH treatment increased the production of lipid peroxides in a concentration dependent manner, with 5 μM being the lowest concentration that resulted in a significant increase in lipid peroxide levels (Fig. 1A ). Compared to neurons not treated with CH, levels of lipid peroxides were elevated by 26 -82% in cells exposed to 5-20 μM CH. By MTS assay cell viability was significantly decreased only with 20 μM CH (29% compared to control), but not by lower concentrations of CH (Fig. 1B) . Similarly necrotic cell death assayed as LDH release, was observed only in neurons exposed to the highest two concentrations of CH (Fig. 1C) . Together, our results show that treatment of neurons with 5 -10 μM CH increases lipid peroxidation without affecting cell viability.
Oxidative stress increases the phosphorylation and ADP-ribosylation of eEF-2
CH produced a concentration-dependent decrease in total eEF-2 levels ( Fig. 1D and supplementary Figure 1) ; levels decreased by 12 -36% in cells after treatment with 5 -20 μM CH. However, treatment of neurons with CH increased phosphorylated eEF-2 levels in a concentration-dependent manner. The ratio of phosphorylated to total eEF-2 increased significantly ( Fig. 1E ): 1.4-fold (5 μM), 1.6-fold (10 μM), 1.8-fold (15 μM) and 2.2-fold (20 μM).
To determine the ADP-ribosylatable portion of eEF-2, biotin-NAD was used as source of ADP-ribose. Hippocampal neurons exposed to CH exhibited a significant increase of the ratio of ribosylated to total eEF-2 with respect to control, 1.4-fold (10 μM), 1.7-fold (15 μM) and 2.4-fold (20 μM) (Fig. 1F) . These results show that subtoxic levels of lipid peroxidation increase phosphorylation and ADP-ribosylation of eEF-2 levels in primary hippocampal neurons.
Calpains mediate oxidative stress-induced degradation of eEF-2
Because eEF-2 protein levels decreased relatively rapidly (within 3 h) in response to CH exposure, we determined whether proteases were involved. We employed two protease inhibitors: MDL28170 a potent, cell-permeable inhibitor of calpains I and II (50 μM) [31] ; and E64d an inhibitor of calpain I (50 μM) [32] . Pre-treatment of cells with either of the calpain inhibitors prevented the CH-induced decrease in eEF-2 levels, (Fig. 2A , B and supplementary Figure 2 ). Based on these results the calpains could mediate degradation of eEF-2 in neurons subjected to lipid peroxidation.
Subcellular localization of eEF-2
To determine whether the subcellular localization of eEF-2 was altered in response to oxidative stress, we treated hippocampal neurons with CH or vehicle, isolated nuclear and cytosolic fractions from the cells, and performed immunoblot analysis of total and phosphorylated eEF-2. In vehicle-treated control neurons, eEF-2 was present in both the cytoplasm and nucleus, with relative levels of eEF-2 being higher (70%) in the cytoplasm (Fig. 3A) . The latter biochemical results are consistent with the immunofluorescence studies in which localization of eEF-2 was detected in the cytoplasm and nucleus by confocal microscopy in hippocampal neurons ( Fig. 3B and supplementary Figure 3 ). To know whether lipid peroxidation affects the localization of eEF-2, we evaluated levels of total eEF-2 and phosphorylated eEF-2 in cytoplasmic and nuclear extracts of hippocampal neurons treated with 5 or 10 μM CH. The ratio of phosphorylated to total eEF-2 increased significantly in both the cytoplasm and nucleus, with the magnitude of the increase being greater in the nuclear fraction (Fig. 3C ).
Evidence that eEF-2 interacts with p53
It was previously reported that p53 can interact with eEF-2 in the cytosol in non-neuronal cells [22] . We carried out IP-western blot analysis of whole-cell extracts to determine whether eEF-2 interacts with p53 in hippocampal neurons, and if it is affected by oxidative stress conditions. Treatment with CH resulted in a concentration-dependent increase of the eEF-2 -p53 interaction observed under basal conditions (Fig. 4A) . However, no detectable interaction was observed between p53 and the inactive phosphorylated form of eEF-2 under any of the experimental conditions (Fig. 4A ). eEF2 and p53 complexes were found in both the cytoplasmic and nuclear fractions with a similar dose-dependent response to exposure to CH in both compartments (Fig. 4B-D) .
In order to understand the possible role of the p53 -eEF-2 interaction, HCT116 cells were treated with CH. Our results show p53-deficient cells were more sensitive to CH such that cultures exposed to 1-15 μM of CH exhibited decreases in cell viability (MTS assay) of 17-27%, compared with cells expressing p53 (Fig. 5A) . Similarly, CH treatment resulted in significantly more LDH release from p53-deficient cells compared to cells expressing p53; LDH levels in the culture medium were increased by 13-20% with 5-15 μM CH. (Fig. 5A) . No difference was observed in the levels of lipid peroxidation induced by CH between wildtype and p53 knockout cells (Fig. 5B ).
To directly determine the effects of CH on nascent proteins synthesis, we used the methionine analogue AHA to label newly synthesized proteins. Under oxidative stress conditions we observed a decrease in nascent protein synthesis in both wild-type and p53-deficient cells, with the magnitude of the decrease being greater in p53-deficient cells (Fig.  5C, D) . These results were not a consequence of loading a different amount of protein in each well, as demonstrated by staining of the membranes with Ponceau red (Fig. 5E) Roles of p53, 14.3.3 and CRM1 in the subcellular localization of eEF-2
We measured relative levels of total and phosphorylated eEF-2 in cytoplasmic and nuclear extracts of wild-type andp53-deficient cells treated with 5 μM CH. Cytoplasmic and nuclear levels of total eEF-2decreased in response to CH in both wild-type and p53-deficient cells (Fig. 6A, B) . In all cases significant differences were observed between controls and 5 μM CH (p<0.01 for all comparisons). Total eEF-2 levels were higher in wild-type nuclear extracts, compared to p53-deficient nuclear extracts in both control (2.4-fold) and CHtreated (4.5-fold) cells. The ratio of phosphorylated/total eEF-2 was increased in response to CH in both wild-type and p53-deficient cells (Fig. 6C) . In all cases the phosphorylated/total eEF-2 ratio was higher in nuclear extracts. In wild-type cells, the phosphorylated/total eEF-2 ratio in the nucleus was 5.4-fold (control) and 5.0-fold (5 μM CH) greater compared to the cytoplasm. In the case of p53-deficient cells, the phosphorylated/total eEF-2 ratios in the nuclear fraction were 11.5-fold (control) and 11.3-fold (1 μM CH) higher compared to the cytoplasm. Next, to study the possible influence of p53 on eEF-2 subcellular localization, wild-type, p53-deficient cells and p53-deficient cells transfected with p53-flag (Fig. 6D) were fractionated, and basal eEF-2 levels were analyzed in nuclear and cytoplasmic fractions by immunoblot. The results showed lower levels of eEF-2 with higher phosphorylation rates in nuclear fractions (2.3-fold) of p53-deficient cells compared to wild-type cells (Fig. 6E-G) , a phenomena completely reverted by the reconstitution with exogenous p53-flag (Fig. 6E-G) . Overall these results suggest that p53 is directly or indirectly involved in subcellular trafficking of non-phosphorylated eEF-2 into the nucleus.
It was previously reported that eEF-2 can interact with the protein 14-3-3 [20] . We found that eEF-2 and 14-3-3 complexes are present in both the cytoplasmic and nuclear fractions in hippocampal primary cultures (Fig. 7A) . Given that most reported interactions of 14-3-3 are mediated by phosphorylated Ser or Thr residues present in their target proteins, we examined whether phosphorylation of eEF-2 was required for binding to 14-3-3. We treated soluble cytoplasmic and nuclear extracts prepared from hippocampal neurons with protein phosphatase 2A, and then performed IP -immunoblot analysis with eEF-2 and 14-3-3 antibodies. eEF-2 binding to 14-3-3 was almost abolished after phosphatase treatment, but it was maintained when the extract was pretreated with the phosphatase inhibitor okadaic acid (Fig. 7A ). This result suggests that the interaction of eEF-2 with 14-3-3 depends on the phosphorylation status of eEF-2.
To study whether or not the association between eEF-2 and 14-3-3 depends on the presence of p53, cytoplasm and nuclear extracts of wild-type and p53-deficient cells were analyzed by IP-immunoblot assay. We found that the eEF-2 interaction with 14-3-3 occurs independently of the presence of p53 (Fig. 7B. C) .
To further understand the mechanism(s) that controls the subcellular localization of eEF-2, we employed Leptomycin B, an inhibitor of CRM1-dependent nuclear protein export. Immunoblot analysis showed a significant increase of the nuclear/cytoplasm ratio of total eEF-2 in hippocampal neurons in response to Leptomycin B treatment (1.8-fold and 3.7-fold during 3 hand 6 h treatments, respectively (Fig. 7D, E) . However, the ratio of nuclear/ cytoplasm phosphorylated eEF-2 was unaffected by Leptomycin B treatment (Fig. 7F) . These results suggest that the subcellular localization of non-phosphorylated eEF-2 is influenced by p53 and CRM1, while phosphorylated eEF-2 subcellular localization is regulated by 14.3.3.
Overexpression of eEF-2 increases neuronal survival
To determine whether eEF-2 over-expression in primary neurons could affect cell survival in response to oxidative stress, we analyzed cell viability and necrotic cell death in hippocampal neurons 72 h post-infection with either eEF-2 over-expressing or control lentiviruses, and then treated for 3 and 24 h with increasing concentrations of CH (10, 15 and 20 μM). Overexpression of eEF-2 increased cell viability 10% (15 μM CH) and 7% (20 μM CH) at 3 h after CH treatment, and 14% (10 μM CH) and 16% (15 μMCH) at 24 h after CH treatment (Fig. 8A, B) . Similarly, eEF-2 over-expression in primary neurons led to a decrease of necrotic cell death assayed as LDH release of 6% (10 μM CH), 15% (15 μM CH) and 15% (20 μM CH) at 3 h after treatment with CH, and 9% (10 μM CH) and 21% (15 μM CH) at 24 h after treatment with CH. To determine the efficiency of the over-expression and how it effects eEF-2 subcellular localization in response to oxidative stress, we treated hippocampal neurons 72 h post-infection with 15 μM CH or vehicle for 3 h, then analyzed the whole-cell lysates, cytosolic and nuclear fractions by immunoblot using total and phosphorylated eEF-2. In whole lysates levels of eEF-2were increased about 26% compared to control infected neurons, and remained substantially higher even after treatment with CH (Fig. 8C, D) . Furthermore, the ratio of phosphorylated to total eEF-2 in eEF-2 infected neurons was significantly lower, (28%), after treatment with 15 μM CH (Fig. 8E ).
The analysis of the subcellular fractions showed that the overall nuclear levels of eEF-2 were higher in neurons infected with eEF-2 lentivirus (Fig. 9A, B) , and the ratio of phosphorylated to total eEF-2 was significantly lower under basal conditions (1.4-fold) and under the oxidative stress condition (1.9-fold; 15 μM CH) (Fig. 9C) . These results suggest that the nuclear increase of functional (non-phosphorylated) eEF-2 may play an important role in mediating neuronal survival following mild oxidative stress.
DISCUSSION
Our findings show that the subcellular localization and activity of eEF-2 are altered in response to membrane lipid peroxidation by mechanisms involving phosphorylation and ADP ribosylation of eEF-2, as well as interactions of eEF-2 with p53, 14-3-3 and CRM1. In agreement with its well-characterized role in protein translation, we found that in hippocampal neurons under basal conditions, active eEF2-is predominantly located in the cytoplasm, while a smaller nuclear portion consists mostly of Thr56-phosphorylated eEF-2. Exposure of hippocampal neurons to subtoxic levels of CH resulted in an overall decrease in levels of non-phosphorylated (active) eEF-2, and increase of phosphorylated eEF-2 (inactive).
These results in primary hippocampal neurons are consistent with studies of non-neural cells in which oxidative stress suppressed protein synthesis by a mechanism involving reduction of total eEF-2 levels [33] and an increase of phosphorylated eEF-2 (inactive). The regulation of the eEF-2 translational activity by phosphorylation has been extensively studied in nonneuronal cell types, and it occurs in response to certain hormones, nutrient availability, and stress [34, 14] . The inhibition of global protein synthesis is a common response to stress conditions. This serves to slow down protein synthesis and thus conserve energy under such circumstances [12, 13, 36, 37] .
Phosphorylation of eEF-2 is catalyzed by several enzymes including eEF-2 and AMP kinases [11, 12] and its main consequence is the inhibition of translation because phosphorylation interferes with its binding to the ribosome and mRNA. Previous studies have shown that membrane lipid peroxidation can destabilize cellular Ca 2+ homeostasis in neurons, resulting in increased Ca 2+ influx through glutamate receptor channels and voltagedependent Ca 2+ channels [5] and apoptosis [6] . Treatment of hippocampal neurons with two different calpain inhibitors prevented the reduction of eEF-2 levels that otherwise occurred in response to exposure to CH. Thus, it is likely that the lipid peroxidation caused by CH results in elevated intracellular Ca 2+ levels and calpain activation which, in turn, suppresses eEF-2 activity and reduces protein synthesis. In addition to increased inactivation of eEF-2, we also observed a shift towards more nuclear eEF-2 in cells treated with CH. We therefore endeavored to elucidate the molecular mechanisms that determine the subcellular localization of eEF-2, and their potential involvement in neuronal responses to oxidative stress.
We demonstrate a previously unknown interaction between eEF-2 and p53 in neurons that may play a role in adaptive responses to oxidative stress. p53 interacts with nonphosphorylated eEF-2, but not with phosphorylated eEF-2. p53-deficient cells exhibited less eEF-2 in the nucleus compared to wild-type cells, suggesting that p53 may play a role in sequestering eEF-2 in the nucleus. The interaction of eEF-2 with p53 is rapidly enhanced in neurons subjected to CH, suggesting a role for p53 to reduced protein synthesis under conditions of oxidative stress. Best known for its roles in DNA damage responses and apoptosis, p53 may also play roles in cellular stress adaptation. In support of this notion, we found that p53-deficient cells were more vulnerable than wild-type cells to CH-induced death. Although not established in the present study, p53 may protect neurons against low levels of oxidative stress by reducing protein synthesis and so conserving the cellular energy substrates required for cell survival under stressful conditions. We also found that CRM1 seems to play a role in nuclear export of non-phosphorylated (active) eEF-2 and may thereby be important for maintenance of cytoplasmic eEF-2 to support constitutive levels of protein synthesis. In addition, we found that phosphorylated eEF-2, but not non-phosphorylated eEF-2 binds to 14-3-3 in both the nucleus and cytoplasm. The interaction of phosphorylated eEF-2 with 14-3-3 is independent of p53. Both 14.3.3 and CRM1 are known to function in the shuttling of proteins between the nucleus and cytoplasm, suggesting that CRM1 and 14-3-3 may play complementary roles in the regulation of overall levels of eEF-2 activity and protein synthesis.
In p53 deficient cells CH led to higher nuclear levels of phosphorylated eEF-2, as well as enhanced cell death compared to WT cells. On the other hand, the overexpression of eEF-2 in hippocampal neurons resulted in increased nuclear levels of non-phosphorylated eEF-2 and amelioration of CH-induced cell toxicity. In this sense, it has been described that eEF-2 is an anti-apoptotic cellular factor [38] .
It is thus possible that nuclear eEF-2 provides a reserve pool protected under oxidative stress conditions. Functional eEF-2 could then be exported back into the cytoplasm, via CRM1, to reestablish translation and protein synthesis upon resolution of the oxidative stress. A compartment-specific, differential regulation of eEF-2 has been described previously [39] .
eEF-2 can be regulated by phosphorylation [12, 34] , interactions with other proteins [18, [21] [22] , and mono-ADP ribosylation [18] [19] 22] . However, because these mechanisms have been studied separately, little is known about how they are integrated under physiological conditions, and dysregulated in pathological states. It has been suggested that the alteration of eEF-2 by lipid peroxidation can contribute to the protein synthesis inhibition that occurs during aging [24] . Under oxidative stress and during aging, the overall level of cellular activity of eEF-2 decreases and eEF-2 is proteolyzed [23] . Considering the sensitivity of eEF-2 to oxidants, it seems paradoxical that it is needed for the synthesis of the some proteins that are induced to cope with the oxidative stress. We hypothesize that some of the mechanisms mentioned above (i.e. phosphorylation, mono-ADP ribosylation, and interactions with p53) could protect eEF-2, at least temporarily, during the early phase of redox imbalance. Indeed, we found that low doses of CH decreased the amount of total eEF-2 without affecting cell viability. Thus, we envision a scenario in which oxidative stress and prolonged elevation of intracellular Ca 2+ levels trigger multiple pathways that regulate eEF-2 activity and subcellular localization in ways that reduce global protein synthesis to maintain cell viability. Cytoplasmic eEF-2 is cleaved and inactivated by calpains, while the nuclear accumulation of eEF-2 is enhanced by its binding to p53. These mechanisms provide novel insight into the intricate relationships between pathways involved in regulating protein synthesis on the one hand, and neuronal cell survival and death decisions on the other hand.
In summary, this study revealed complex molecular mechanisms controlling the differential subcellular localization and activity state of eEF-2 that are altered in response to membrane lipid peroxidation, resulting in decreased overall eEF-2 levels by mechanisms involving phosphorylation, ADP ribosylation and calpain-mediated proteolytic degradation as well as interactions of eEF-2 with p53, and modification of eEF-2 subcellular localization by 14-3-3 and CRM1. All these mechanisms may influence the survival status of neurons during periods of elevated oxidative stress.
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Highlights
• Oxidative stress increases the phosphorylation and ADP-ribosylation of eEF-2.
• Calpains mediate proteolytic degradation of eEF-2 in response to oxidative stress.
• eEF-2 interacts with active p53 in the nucleus and cytoplasm.
• The subcellular localization of eEF-2 is regulated by CRM1 and 14.3.3.
• Elevation of eEF-2 levels reduces neuronal death. Evidence that calpains mediate degradation of eEF-2 in neurons subjected to lipidperoxidation. A and B. Hippocampal primary cultures were pre-treated with 50 μMMDL28170 (MDL) (A) or 50 μM E64d (B) and were then exposed to 10 or 15 μM CH for 3 h. Graphs show quantitation of optical density of the phosphorylated/total eEF-2 bands.
Values are the mean and SEM of four experiments. *p< 0.05, **p<0.01 and ***p<0.001 vs. control. Evidence of subcellular localization of eEF-2 in primary hippocampal neurons. A. Subcellular fractionation and immunoblot analysis of total and phosphorylated eEF-2, β-actin (cytoplasmic marker) and hnRNP (nuclear marker) were performed as described in the Materials and Methods on hippocampal primary cultures untreated, or treated with 5 or 10 μM CH for 3 h before separation into a cytoplasmic and a nuclear fraction. B. Confocal images of eEF-2 immunoreactivity in cultured hippocampal neurons (green). Cells were counterstained with 4′,6-diamidino-2-phenylindole (DAPI; blue) to identify nuclei. Data are representative of three independent neuronal cultures. C. Optical densities of the phosphorylated/total eEF-2 bands in cytoplasm and nucleus. Values are the mean and SEM of four experiments. **p<0.01 vs. control in cytoplasm and †p<0.05 vs. control in nucleus. p53 is involved in subcellular trafficking of non-phosphorylated eEF-2 into the nucleus. A. Subcellular fractionation and analysis of total and phosphorylated eEF-2 levels in nuclear and cytoplasmic fractions of wild type and p53-deficient cells treated with CH. α-tubulin and hnRNP were used as cytoplasmic and nuclear markers. B. Immunoblots for p53 and α-tubulin are shown. E. Analysis of the total and phosphorylated eEF-2 levels in nuclear and cytoplasmic fractions of wild-type and p53-deficient cells after transfection (α-tubulin and hnRNP were used as cytoplasmic and nuclear markers, respectively. F and G. Optical densities of the eEF-2 total bands (F) and phosphorylated/ total eEF-2 ratio (G). Values are the mean and SEM from three independent transfections. ***p< 0.001 vs. cytoplasmic extracts from p53-deficient cells. † † †p<0.001 vs. nuclear extracts from p53-deficient cells. Evidence for the differential involvement of 14-3-3 protein and CRM1 in the subcellular localization of total and phosphorylated eEF-2. A-C. Hippocampal primary cultures (A), and HCT116 cells expressing (B) or lacking (C) p53, were fractionated (cytoplasm and nucleus), pre-treated for 25 min at 30°C in phosphatase buffer supplemented with protein phosphatase 2A (PP2A) or with protein phosphatase 2A and okadaic acid (OA), subjected to immunoprecipitation (IP) with eEF-2antibody or with control IgG, and analyzed by immunoblotting with a 14-3-3 antibody. β-actin and hnRNP were used as cytoplasmic and nuclear markers (bottom). Data are representative of four independent experiments. D. Hippocampal neurons were treated with 50 nM Leptomycin B. After 3 or 6 h, neurons were collected and separated into cytoplasmic and nuclear fractions, and analyzed by SDS-PAGE followed by immunoblot. β-actin and hnRNP were used as cytoplasmic and nuclear markers.E. Optical density of the ratio nucleus/cytoplasm total eEF-2bands. Values are the mean and SEM of four experiments. *p<0.05, ***p<0.001 vs. control. F. Optical density of the ratio nucleus/cytoplasm phosphorylated eEF-2 bands. Evidence of efficiency of the over-expression and its effect on eEF-2 subcellular localization in hippocampal neurons subjected to oxidative stress. A. Immunoblots for total and phosphorylated eEF-2 in nuclear and cytoplasmic fractions are shown. β-actin and hnRNP were used as cytoplasmic and nuclear markers. B and C. Optical densities of the total eEF-2 band (B) and the phosphorylated/total eEF-2 bands (C) in nuclear and cytoplasmic fractions.
Values are the mean and SEM of four independent infections. ***p<0.001, ** p<0.01, *p<0.05 Control (C) vs. eEF-2 overexpression (O.E.), † †p<0.01 vs. the value for cytoplasm of control cells not treated with CH. ‡ ‡ ‡ p<0.001 vs. the value for nucleus of control cells not treated with CH.
